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Abstract
We use an existing model of the ΛΛN − ΞNN three-body system based in two-body separable
interactions to study the (I, JP ) = (1/2, 1/2+) three-body channel. For the ΛΛ, ΞN , and ΛΛ−ΞN
amplitudes we have constructed separable potentials based on the most recent results of the HAL
QCD Collaboration. They are characterized by the existence of a resonance just below or above
the ΞN threshold in the so-called H-dibaryon channel, (i, jp) = (0, 0+). A three-body resonance
appears 2.3 MeV above the Ξd threshold. We show that if the ΛΛ − ΞN H-dibaryon channel
is not considered, the ΛΛN − ΞNN S wave resonance disappears. Thus, the possible existence
of a ΛΛN − ΞNN resonance would be sensitive to the ΛΛ − ΞN interaction. The existence or
nonexistence of this resonance could be evidenced by measuring, for example, the Ξd cross section.
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The ΛΛ − ΞN system in a pure S wave configuration has quantum numbers (i, jp) =
(0, 0+) so that adding one more nucleon, the ΛΛN −ΞNN system has necessarily quantum
numbers (I, JP ) = (1/2, 1/2+). In a series of works based on a chiral constituent quark
model [1–3] this system was studied under the assumption that the H dibaryon [4] has
the lower limit mass determined by the E373 experiment at KEK [5] from the observation
of a 6ΛΛHe double hypernucleus. Despite the large amount of experimental and theoretical
efforts, the existence of the H dibaryon remains inconclusive, see Ref. [6] for a recent update.
Experimental evidence disfavors large binding energies [7], as predicted in Ref. [4], and the
high statistics study of Υ decays at Belle [8] found no indication of an H dibaryon with
a mass near the ΛΛ threshold. Recently, the HAL QCD Collaboration [9] has published a
Nf = 2 + 1 study of coupled channel (ΛΛ and ΞN) baryon-baryon interactions with near-
physical quark masses, namely mpi = 146 MeV, concluding that the H dibaryon could be
a ΛΛ resonance just below or above the ΞN threshold. Similar results were obtained in a
low-energy effective field theory study of the H dibaryon in ΛΛ scattering [10].
The HAL QCD results are being used as input for the study of strangeness − 2 baryon-
baryon interactions, as recently done in relativistic chiral effective field theory studies [11].
The HAL QCD ΞN interactions have been also recently used to study the possible existence
of ΞNN bound states in Ref. [12], with negative results for the (I, JP ) = (1/2, 1/2+) channel.
For the NN interaction they used the AV8 potential [13]. As the coupling between ΛΛ and
ΞN is found to be weak in Ref. [9], they used an effective single-channel ΞN potential
in which the coupling to ΛΛ in 11S0 was renormalized into a single Gaussian form chosen
to reproduce the ΞN phase shift obtained with channel coupling. The three-body ΞNN
problem is solved in the real axis by means of a variational method with Gaussian bases,
the Gaussian Expansion Method [14, 15]. The full coupling between the ΞNN and ΛΛN
channels was not explicitly considered. A similar calculation based on the Nijmegen ESC08c
potentials [16–18] was presented in Ref. [19] also with negative results for the (I, JP ) =
(1/2, 1/2+) channel, see Fig. 2(a) of Ref. [19].
Unlike the calculation in Ref. [12], we developed in Ref. [20] a model of the ΛΛN −ΞNN
three-body system which allowed us to look for possible three-body resonances. Using sep-
arable two-body interactions fitted to the low-energy data of the Nijmegen S wave baryon-
baryon amplitudes [16–18], we found a resonance just below the Ξd threshold with a very
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small width of only 0.09 MeV 1. Qualitatively similar results have been obtained in Ref. [12],
although as stressed in this manuscript they are numerically different due to a different NN
potential and different treatment of ESC08c Nijmegen S wave baryon-baryon interactions.
Such dependencies on the models and parametrizations of the two-body interactions make
this three-body system ideally suited for testing the different models for the two-body in-
teractions.
However, contrary to the recent results of the HAL QCD Collaboration, the Nijmegen
baryon-baryon interactions gave no indication of either a bound state or a resonance in the
ΛΛ − ΞN (0, 0+) two-body channel, the H-dibaryon channel. It is thus interesting to see
if the existence of a resonance just below or above the ΞN threshold, as it has been found
by the HAL QCD Collaboration [9] and low-energy effective field theory studies [10], may
affect the position of the three-body S wave (1/2, 1/2+) ΛΛN − ΞNN resonance found in
Ref. [20]. For this purpose, we have now constructed separable potential models of the ΛΛ,
ΞN , and ΛΛ − ΞN amplitudes reproducing the behavior of the HAL QCD Collaboration
results [9] and we have performed a full fledged coupled-channel study of the ΛΛN − ΞNN
three-body system.
We use rank-one separable potentials for all the uncoupled two-body channels, that is,
for all channels except the ΛΛ− ΞN (0, 0+) interaction. They are as follows,
V ρi = g
ρ
i 〉λ〈gρi , (1)
such that the two-body t-matrices are
tρi = g
ρ
i 〉τρi 〈gρi , (2)
with
τρi =
λ
1− λ〈gρi |G0(i)|gρi 〉
, (3)
where G0(i) = 1/(E −Ki + iǫ) and Ki is the kinetic energy operator of channel i. We use
Yamaguchi form factors [22] for the separable potentials of Eq. (1), i.e.,
gρi (p) =
1
α2 + p2
. (4)
1 It is worth to note that the results for the ΞNN system with maximal isospin have been independently
reproduced within the integral Faddeev equation formalism [21] in agreement with high accuracy.
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TABLE I: Parameters α and β (in fm−1), λ11, λ33, and λ13 (in fm
−2) of the separable-potential
model of the coupled (i, jp) = (0, 0+) ΛΛ− ΞN two-body system.
α β λ11 λ33 λ13
1.3465 1.1460 −0.1390 −0.3171 0.0977
TABLE II: Parameters α (in fm−1) and λ (in fm−2) of the separable-potential model of the un-
coupled (i, jp) ΞN two-body channels.
Channel α λ
(0, 1+) 1.41 -0.117
(1, 0+) 7.333 22.97
(1, 1+) 0.803 -0.016
In the case of the coupled (0, 0+) ΛΛ−ΞN channel we use a rank-two separable potential
of the form [23]
V ρσij = g
ρ
i 〉λij〈gσj , (5)
such that
tρ−σij = g
ρ
1〉τρ−σij 〈gσj , (6)
with
τΛΛ−ΛΛ11 =
−λ213GΞN − λ11(1− λ33GΞN )
λ213G
ΛΛGΞN − (1− λ11GΛΛ)(1− λ33GΞN) ,
τΞN−ΞN33 =
−λ213GΛΛ − λ33(1− λ11GΛΛ)
λ213G
ΛΛGΞN − (1− λ11GΛΛ)(1− λ33GΞN) , (7)
τΛΛ−ΞN13 = τ
ΞN−ΛΛ
31 =
−λ13
λ213G
ΛΛGΞN − (1− λ11GΛΛ)(1− λ33GΞN) ,
and
GΛΛ = 〈gΛΛ1 |G0(1)|gΛΛ1 〉 ,
GΞN = 〈gΞN3 |G0(3)|gΞN3 〉 . (8)
In this case we also use Yamaguchi-type form factors as
gΛΛ1 (p) =
1
α2 + p2
,
gΞN3 (p) =
1
β2 + p2
. (9)
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FIG. 1: (a) ΛΛ scattering phase shifts, (b) ΛΛ inelasticity, and (c) NΞ scattering phase shifts in
the (i, jp) = (0, 0+) channel.
The parameters of the ΛΛ−ΞN model based on the latest HAL QCD potentials are given in
Table I. In Figs. 1(a), (b), and (c) we show the predictions for the ΛΛ and ΞN phase shifts
as well as the inelasticity, which are rather similar to those of model t/a = 12 of the HAL
QCD Collaboration presented in Fig. 4 of Ref. [9]. The corresponding parameters of the
uncoupled ΞN models are given in Table II. Let us note that our results have been obtained
by taking the nucleon mass as the average of the proton and neutron masses and the Ξ mass
as the average of Ξ0 and Ξ− masses. Thus, the ΞN and ΞNN thresholds are 25.6 MeV
above the ΛΛ and ΛΛN thresholds, respectively. However, this threshold is 32 MeV for the
HAL QCD results [9], since they use for the baryon masses the values obtained from their
lattice QCD study. Therefore, to compare our phase shifts with those of Ref. [9] one should
keep in mind that the energy scale of Ref. [9] corresponds to those of Fig. 1 multiplied by
1.25. The models of the NN and ΛN subsystems are the same of Ref. [20].
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The coupled ΛΛN−ΞNN three-body system presents the special characteristic that each
three-body component consists of two identical fermions and a third one that is different.
The homogeneous integral equations of this system appropriate for the search of bound and
resonant states were derived in Ref. [3] using a graphical method. Using the new separable
models of Tables I and II based in the HAL QCD interactions we did not find any bound
state below the Ξd threshold, in agreement with the results of Ref. [12]. Therefore, we
investigate the possible existence of a resonance above the Ξd threshold by calculating the
Ξd scattering amplitude.
We adopt the same convention as in Refs. [3, 20], i.e., particles 2 and 3 are identical
and particle 1 is the different one in each three-body component. After the reduction for
identical particles the inhomogeneous integral equations appropriate for Ξd elastic scattering
take the following form
〈1|T1|φ0〉 = 2〈1|tΛΛ1 |1〉〈1|3〉G0(3)〈3|T3|φ0〉+ 〈1|tΛΛ−NΞ13 |3〉〈3|1〉G0(1)〈1|U1|φ0〉
−〈1|tΛΛ−NΞ13 |3〉〈2|3〉G0(3)〈3|U3|φ0〉,
〈3|T3|φ0〉 = −〈3|tNΛ3 |3〉〈2|3〉G0(3)〈3|T3|φ0〉+ 〈3|tNΛ3 |3〉〈3|1〉G0(1)〈1|T1|φ0〉,
〈1|U1|φ0〉 = 2〈1|tNN1 |1〉〈1|3〉G0(3)〈3|U3|φ0〉,
〈3|U3|φ0〉 = 2〈3|tNΞ3 |φ0〉
−〈3|tNΞ3 |3〉〈2|3〉G0(3)〈3|U3|φ0〉+ 〈3|tNΞ3 |3〉〈3|1〉G0(1)〈1|U1|φ0〉
+2〈3|tNΞ−ΛΛ31 |1〉〈1|3〉G0(3)〈3|T3|φ0〉, (10)
where |φ0〉 is the initial state consisting of the deuteron wave function times a Ξ plane wave.
Using Eqs. (2) and (6) into the integral equations (10) and introducing the transforma-
tions 〈i|Ti|φ0〉 = 〈i|gαii 〉〈i|Xi|φ0〉 and 〈i|Ui|φ0〉 = 〈i|gβii 〉〈i|Yi|φ0〉 one obtains the inhomoge-
neous one-dimensional integral equations
〈1|X1|φ0〉 = 2τΛΛ1 〈gΛΛ1 |1〉〈1|3〉G0(3)〈3|gNΛ3 〉〈3|X3|φ0〉
+τΛΛ−NΞ13 〈gNΞ3 |3〉〈3|1〉G0(1)〈1|gNN1 〉〈1|Y1|φ0〉
−τΛΛ−NΞ13 〈gNΞ3 |3〉〈2|3〉G0(3)〈3|gNΞ3 〉〈3|Y3|φ0〉,
〈3|X3|φ0〉 = −τNΛ3 〈gNΛ3 |3〉〈2|3〉G0(3)〈3|gNΛ3 〉〈3|X3|φ0〉
+τNΛ3 〈gNΛ3 |3〉〈3|1〉G0(1)〈1|gΛΛ1 〉〈1|X1|φ0〉,
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〈1|Y1|φ0〉 = 2τNN1 〈gNN1 |1〉〈1|3〉G0(3)〈3|gNΞ3 〉〈3|Y3|φ0〉,
〈3|Y3|φ0〉 = 2τNΞ3 〈gNΞ3 |φ0〉
−τNΞ3 〈gNΞ3 |3〉〈2|3〉G0(3)〈3|gNΞ3 〉〈3|Y3|φ0〉
+τNΞ3 〈gNΞ3 |3〉〈3|1〉G0(1)〈1|gNN1 〉〈|Y1|φ0〉
+2τNΞ−ΛΛ31 〈gΛΛ1 |1〉〈1|3〉G0(3)〈3|gNΛ3 〉〈3|X3|φ0〉. (11)
If one neglects the inhomogeneous terms in Eqs. (10) and (11) they become identical to
Eqs. (14) and (15) of Ref. [20]. The Ξd scattering amplitude normalized as in the Argand
diagram is given by
F = −πq0ν〈φ0|U3|φ0〉, (12)
where q0 and ν are, respectively, the Ξd on-shell momentum and reduced mass. We solved the
integral equations (11) using the standard method [24], where the momentum variables are
rotated into the complex plane as qi → qie−iφ and checked that the results are independent
of the rotation angle φ. If the resonance lies below the Ξd threshold, as it was the case in
Ref. [20], the contour rotation method allows to take simultaneously both the momentum
variables and the energy variable as complex so that one can determine the position of the
pole in the complex plane. However, if the resonance lies above the Ξd threshold, like in the
present case, the contour rotation method works only if one takes the momentum variables
complex but leaves the energy variable real so that one can not determine the position of
the pole in the complex plane.
We show in Fig. 2 the Argand diagram of the Ξd system between 0 and 10 MeV above the
Ξd threshold where one sees the typical counterclockwise behavior of a resonant amplitude.
If one neglects the (i, jp) = (0, 0+) channel, the counterclockwise behavior disappears which
shows that the H-dibaryon channel (i, jp) = (0, 0+) is basic for the existence of the three-
body ΛΛN − ΞNN S wave resonance.
As already mentioned in the introduction, the HAL QCD ΞN interactions have been
recently used to study the possible existence of ΞNN bound states in Ref. [12] with negative
results for the (I, JP ) = (1/2, 1/2+) channel, in agreement with our findings in spite of using
a different NN interaction and a different method.
We have finally evaluated the Ξd elastic cross section as a function of energy where we
have included not only the (I, JP ) = (1/2, 1/2+) Ξd amplitude but also the (1/2, 3/2+)
amplitude, which is very small. The result is shown in Fig. 3. As one can see, the resonance
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FIG. 2: Argand diagram of the Ξd system between 0 and 10 MeV above the Ξd threshold. Some
relevant energies, in MeV, are indicated.
shows up as a change of slope of the cross section at an energy around 2.3 MeV, i.e., close to
the Ξd breakup threshold
√
S = 2mN +mΞ. The bump in the cross section would become
larger for a stronger (i, jp) = (0, 0+) transition potential, and, as said above, it would
disappear if the (i, jp) = (0, 0+) channel is not considered or the two-body resonance in the
H-dibaryon channel would not exist. The Ξd cross section would allow to discriminate among
the different models for the strangeness −2 two-baryon interactions. It could be studied
FIG. 3: Ξd elastic cross section.
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through the quasifree Ξ− production in the (K−, K+) reaction on a deuteron target [25, 26].
Let us finally note that if one drops the coupling to the ΛΛN channel Fig. 2 changes by
about 10 % while keeping its shape rotating slightly to the right; similarly, in Fig. 3 the
cross section at E = 2.3 MeV changes from 55 mb to 58 mb.
It is interesting to compare this resonance with the nucleon-nucleon 1D2 Hoshizaki res-
onance [27] which has a mass close to
√
S = mN + m∆ since it arises due to the process
NN → πNN which is driven by the pion-nucleon ∆ resonance [28]. The resonance we are
studying here is driven by the ΛΛ − ΞN H-dibaryon resonance which appears either just
below or just above the NΞ threshold [9] so that it has a mass mH = mN +mΞ. Following
the comparison with the Hoshizaki state one expects that the ΛΛN − ΞNN resonance will
have a mass close to
√
S = mN +mH = 2mN +mΞ which is precisely the Ξd threshold in
agreement with Figs. 2 and 3.
In brief, we have shown that the possible existence of a ΛΛN−ΞNN resonance would be
highly sensitive to the ΛΛ − ΞN interaction. In particular, by using a separable potential
based on the most recent results of the HAL QCD Collaboration, characterized by the
existence of a resonance just below or above the ΞN threshold in the so-called H-dibaryon
channel, (i, jp) = (0, 0+), a three-body resonance appears 2.3 MeV above the Ξd threshold. A
theoretical and experimental effort to constrain the ΛΛ−ΞN interaction is a basic ingredient
to progress in our knowledge of the strangeness − 2 sector.
Acknowledgments
This work has been partially funded by COFAA-IPN (Me´xico) and by Ministerio de Cien-
cia e Innovacio´n and EU FEDER under Contracts No. FPA2016-77177-C2-2-P, PID2019-
105439GB-C22 and RED2018-102572-T.
[1] H. Garcilazo and A. Valcarce, Phys. Rev. Lett. 110, 012503 (2013); A. Gal, Phys. Rev. Lett.
110, 179201 (2013); H. Garcilazo and A. Valcarce, Phys. Rev. Lett. 110, 179202 (2013).
[2] H. Garcilazo, A. Valcarce, and T. Ferna´ndez-Carame´s, J. Phys. G 41, 095103 (2014).
[3] H. Garcilazo, A. Valcarce, and T. Ferna´ndez-Carame´s, J. Phys. G 42, 025103 (2015).
[4] R. L. Jaffe, Phys. Rev. Lett. 38, 195 (1977); 38, 617(E) (1977).
9
[5] H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001).
[6] A. Francis, J. R. Green, P. M. Junnarkar, Ch. Miao, T. D. Rae, and H. Wittig, Phys. Rev. D.
99, 074505 (2019).
[7] A. Gal, E. V. Hungerford, and D. J. Millener, Rev. Mod. Phys. 88, 035004 (2016).
[8] B. H. Kim et al. [Belle Collaboration], Phys. Rev. Lett. 110, 222002 (2013).
[9] K. Sasaki, S. Aoki, T. Doi, S. Gongyo, T. Hatsuda, Y. Ikeda, T. Inoue, T. Iritani, N. Ishii, K.
Murano, and T. Miyamoto [HAL QCD Collaboration], Nucl. Phys. A 998, 121737 (2020).
[10] Y. Yamaguchi and T. Hyodo, Phys. Rev. C 94, 065207 (2016).
[11] K. -W. Li, T. Hyodo, and L. -S. Geng, Phys. Rev. C 98, 065203 (2018).
[12] E. Hiyama, K. Sasaki, T. Miyamoto, T. Doi, T. Hatsuda, Y. Yamamoto, and Th. A. Rijken,
Phys. Rev. Lett. 124, 092501 (2020).
[13] R. B. Wiringa, R. A. Smith, and T. L. Ainsworth, Phys. Rev. C 29, 1207 (1984).
[14] E. Hiyama, Y. Kino, and M. Kamimura, Prog. Theor. Nucl. Phys. 51, 223 (2003).
[15] E. Hiyama, PTEP 2012, 01A204 (2012).
[16] M. M. Nagels, Th. A. Rijken, and Y. Yamamoto, Phys. Rev. C 99, 044002 (2019).
[17] M. M. Nagels, Th. A. Rijken, and Y. Yamamoto, Phys. Rev. C 99, 044003 (2019).
[18] M. M. Nagels, Th. A. Rijken, and Y. Yamamoto, arXiv:1504.02634.
[19] H. Garcilazo and A. Valcarce, Phys. Rev. C 93, 064003 (2016).
[20] H. Garcilazo, Phys. Rev. C 93, 024001 (2016).
[21] I. Filikhin, V. M. Suslov, and B. Vlahovic, Math. Model. Geom. 5, 1 (2017).
[22] Y. Yamaguchi, Phys. Rev. 95, 1628 (1954).
[23] S. B. Carr, I. R. Afnan, and B. F. Gibson, Nucl. Phys. A 625, 143 (1997).
[24] B. C. Pearce and I. R. Afnan, Phys. Rev. C 30, 2022 (1984).
[25] T. Tamagawa et al., Nucl. Phys. A 691, 234c (2001).
[26] Y. Yamamoto, T. Tamagawa, T. Fukuda, and T. Motoba, Prog. Theor. Phys. 106, 363 (2001).
[27] N. Hoshizaki, Phys. Rev. C 45, R1424 (1992).
[28] A. Gal and H. Garcilazo, Nucl. Phys. A 928, (2014) 73.
10
